f Group B streptococci (GBS; Streptococcus agalactiae) are the most common cause of neonatal sepsis and meningitis. Serotypespecific IgG antibody is known to protect neonates against GBS infections by promoting opsonophagocytosis. The L-ficolin-mediated lectin pathway of the complement is also a potential mechanism for opsonization of GBS, because L-ficolin activates the complement after binding to serotype Ib, III, V, VI, and VIII GBS. In the present study, we investigated how L-ficolin and serotype-specific IgG in cord sera contribute to opsonophagocytic killing of GBS. Neither L-ficolin nor serotype-specific IgG concentrations correlated with C3b deposition on serotype Ib and VI GBS, suggesting L-ficolin-and serotype-specific IgG-independent mechanisms of complement activation. The percentage of serotype VIII GBS killed was high regardless of the concentration of L-ficolin and IgG. In contrast, L-ficolin and serotype-specific IgG can each initiate C3b deposition on serotype III and V GBS and promote phagocytosis by polymorphonuclear leukocytes, but L-ficolin and serotype-specific IgG together promote opsonophagocytic killing to a greater extent than does either alone in vitro. This synergy was observed when serotype III-specific IgG concentrations were between 1 and 6 g/ml and when serotype V-specific IgG concentrations were between 2 and 5 g/ml. Concentrations of serotype III-specific IgG in cord blood above 7 g/ml are considered protective for neonates colonized with GBS, but most neonates with IgG levels of less than 7 g/ml do not develop GBS infections. The data presented here suggest that L-ficolin enhances opsonophagocytosis of serotype III and V GBS when serotype-specific IgG alone is suboptimal for protection.
G
roup B streptococci (GBS; Streptococcus agalactiae) remain one of the most common causes of neonatal sepsis and meningitis despite the widespread implementation of intrapartum antibiotic prophylaxis. In early-onset disease (within the first week of life), bacteria are acquired from mothers colonized with GBS, whereas the source of the infection in late-onset disease (after the first week of life) is less certain (14) .
GBS are classified into 10 serotypes (types Ia, Ib, and II through IX) according to capsular polysaccharide (CPS) immunogenicity. Maternal serotype-specific immunoglobulin G (IgG) transferred to the fetus protects colonized neonates from invasive disease, but most neonates who are colonized with GBS at birth do not develop invasive disease despite lacking protective levels of serotype-specific IgG (19, 20) . Although serotype III-specific IgG concentrations correlate with the efficiency of opsonophagocytic killing by polymorphonuclear leukocytes (PMNs) in vitro, serum deficient in serotype-specific IgG still mediates significant opsonophagocytic killing by a process that involves activation of the complement pathway (8) . The L-ficolin-mediated lectin pathway of the complement system (24, 25 ) is a potential mechanism for initiating opsonization of GBS in serotype-specific IgG-deficient serum, because L-ficolin binds CPS purified from serotype Ia, Ib, III, V, VI, and VIII GBS through an interaction with the N-acetylneuraminic acid (NeuNAc) component of CPS. L-ficolin also binds to intact GBS from serotypes Ib, III, V, VI, and VIII, and bacteria to which L-ficolin binds consume complement C4 (1) . Binding of L-ficolin to serotype III GBS results in C3b deposition on the bacteria, and C3b deposition is further enhanced by addition of serotype III-specific IgG2, leading to increased opsonophagocytic killing (2) . The observation that susceptibility to serotype III GBS infection is increased in C4-deficient mice that lack anti-capsular antibody suggests that the lectin pathway is important in host defense against serotype III GBS (39).
Recently, Swierzko et al. (34) found that low L-ficolin concentrations in umbilical cord serum are associated with preterm delivery and with low birth weight, independent of gestational age. Preterm delivery and low birth weight are associated with an increased risk of GBS early-onset disease (33) . Those findings suggest that deficiencies in both L-ficolin and serotype-specific IgG are risk factors for neonatal GBS infection. In the present study, we therefore investigated how L-ficolin and serotype-specific IgG in cord sera contribute to the opsonophagocytic killing of various GBS serotypes.
MATERIALS AND METHODS
Blood. Umbilical cord blood samples were collected from the Department of Obstetrics of Nishi-Kobe Medical Center, Kobe, Japan, and from the Division of Obstetrics of the Yoshida Clinic, Iruma, Japan. Blood used to prepare the control serum and PMNs were collected from normal healthy volunteers at Joshi-Eiyoh University. The studies were approved by the Institutional Review Boards of the Nishi-Kobe Medical Center and of Joshi-Eiyoh University, and written informed consents were obtained. In the cases of twin pregnancies, one of the cord blood samples was used for further experiments. Cord blood samples from neonates whose mothers were colonized with GBS were excluded because the mothers usually received intrapartum antibiotics which could interfere with the opsonophagocytic killing assay.
Bacterial strains. GBS isolates used in this study have been characterized previously (1, 13, 36) and are listed in Table 1 .
Purification of serotype-specific CPS. Serotype-specific CPS of seven serotypes (Ia, Ib, II, III, V, VI, and VIII) were extracted from mutanolysin digests of bacteria, re-N-acetylated, and purified by gel filtration with Sephacryl S-300 HR (GE Healthcare, Uppsala, Sweden), followed by ionexchange chromatography with DEAE-Sepharose CL-6B (GE Healthcare), as previously described (6) .
Purification of serotype-specific IgG. Naturally occurring serotypespecific IgG directed against CPS of seven serotypes (Ia, Ib, II, III, V, VI, and VIII) was purified from an intravenous human IgG preparation (Glovenin-I; Takeda, Osaka, Japan) by affinity chromatography using CPS conjugated to a Sepharose 6B column as previously described (2) except that Sepharose 6B-conjugated CPS was re-N-acetylated with acetic anhydride (6) . The concentration of serotype-specific IgG was determined using the Micro BCA protein assay kit (Pierce, Rockford, IL).
Purification of the L-ficolin-MASP complex and L-ficolin. The Lficolin-mannose-binding lectin (MBL)-associated serine protease (MASP) complex and L-ficolin were purified from Cohn fraction III from human plasma. Cohn fraction III was precipitated using 8% (wt/vol) polyethylene glycol 4000 (26) and dissolved in 20 mM Tris-HCl (pH 7.4)-150 mM NaCl-10 mM CaCl 2 (Tris-buffered saline [TBS]-Ca)-300 mM mannose. The solution was loaded onto an N-acetylglucosamine (GlcNAc)-agarose column (Sigma-Aldrich) equilibrated with TBS-Ca-300 mM mannose. After washing successively with TBS-Ca-300 mM mannose and TBS-Ca, the L-ficolin-MASP complex was eluted with TBSCa-300 mM GlcNAc and concentrated by ultrafiltration. The preparation in the TBS-Ca-GlcNAc mixture was passed through a protein G-Sepharose column (HiTrap protein G purification HP; GE Healthcare) which had been equilibrated with TBS-Ca-300 mM GlcNAc in order to remove IgG. GlcNAc in the preparation was removed using a desalting column (PD-10; GE Healthcare) equilibrated with TBS-Ca, and the preparation was loaded onto a serotype VI CPS-Sepharose 6B column (described above) that had been equilibrated with TBS-Ca. After washing with TBSCa, the L-ficolin-MASP complex was eluted with TBS-Ca-300 mM GlcNAc and concentrated. The preparation was dialyzed successively against TBS and concentrated by ultrafiltration (L-ficolin-MASP complex preparation). The L-ficolin preparation used as a standard for estimation of concentration by an enzyme-linked immunosorbent assay (ELISA) was further purified by a Resource Q ion exchange column (GE Healthcare) equilibrated with 20 mM Tris-HCl (pH 8.6) (15) after the L-ficolin-MASP complex preparation was dialyzed successively against TBS-2 mM EDTA and 20 mM Tris-HCl (pH 8.6). The concentration of the purified L-ficolin was determined using the Micro BCA protein assay kit.
Preparation of L-ficolin-and serotype-specific IgG-depleted cord serum. Cord sera collected from term neonates with low levels of serotype III-and V-specific IgGs were pooled and diluted by 50% in Hanks' balanced salt solution (HBSS) containing 2 mM CaCl 2 , 1 mM MgCl 2 , 20 mM HEPES, and 0.05% Triton X-100. The pooled serum was absorbed at 4°C with serotype III or V CPS conjugated to a Sepharose 6B and then absorbed at 4°C with an anti-L-ficolin monoclonal antibody (MAb) (clone GN5; Hycult Biotech, Uden, Netherlands) conjugated to a Sepharose 4. The anti-L-ficolin MAb conjugated to a Sepharose 4 was prepared by using an N-hydroxysuccinimide (NHS)-activated Sepharose 4 Fast Flow (GE Healthcare) according to the manufacturer's instructions. The Lficolin-and serotype-specific IgG-depleted serum thus obtained was dialyzed against HBSS containing 2 mM CaCl 2 , 1 mM MgCl 2 , and 20 mM HEPES to remove Triton X-100, and the volume of serum was restored by ultrafiltration, filter sterilized, and stored at Ϫ80°C. Depletion of L-ficolin and serotype-specific IgGs was confirmed by ELISA, as described below.
Complement activity. Complement pathway activity was estimated with a commercially available CH50 (27) assay kit (Denka Seiken, Tokyo, Japan) (the CH50 measures the total hemolytic activity of a test sample and is the reciprocal of the dilution of serum complement needed to lyse 50% of a standardized suspension of sheep erythrocytes coated with antierythrocyte antibody).
Serum concentrations of serotype-specific IgG. Serotype-specific IgG concentrations in sera were measured by ELISA using purified serotype-specific CPS, a biotinylated anti-human IgG MAb (clone HP6017; Invitrogen, Camarillo, CA), alkaline phosphatase-conjugated avidin (ExtrAvidin-alkaline phosphatase; Sigma-Aldrich), and the colorimetric substrate p-nitrophenyl phosphate. Purified serotype-specific IgGs (five 2-fold dilutions, 1.25 to 20 ng/ml) were used as standards.
Serum concentrations of L-ficolin. L-ficolin concentrations in sera were measured by a two-site capture ELISA using an anti-L-ficolin MAb (clone GN5), a biotinylated anti-L-ficolin MAb (clone 2F5) (15) , alkaline phosphatase-conjugated avidin, and the colorimetric substrate p-nitrophenyl phosphate. Purified L-ficolin (five 2-fold dilutions, 25 to 400 ng/ ml) was used as the standard.
Opsonization of bacteria. Bacteria from a late-exponential-growthphase culture in Todd-Hewitt broth (BBL; Microbiology Systems, Cockeysville, MD) were washed and resuspended in HBSS. Bacteria suspended to an optical density at 600 nm (OD 600 ) of 0.12 in HBSS containing 2 mM CaCl 2 , 1 mM MgCl 2 , 20 mM HEPES, 0.8% human serum albumin (HSA), and 0.05% Triton X-100 were incubated with 20% cord serum in a 350-l mixture (in silicone-coated glass tubes) for 30 min at 37°C with shaking. In measurement of L-ficolin binding, bacteria suspended to an OD 600 of 0.60 were prepared and incubated with the cord serum in the same manner. Purified serotype-specific IgG was added to aliquots of the bacteria to achieve a final concentration of 1.6 g/ml (20% of 8 g/ml) and then opsonized with 20% adult serum in the same manner. These opsonized bacteria were used as standards in the measurement of C3b deposition or as controls in the opsonophagocytic killing assay. The role of the alternative pathway in C3b deposition was determined by the same method except with 2 mM Mg 2ϩ /4 mM EGTA in the reaction mixture. The synergy between L-ficolin and serotype-specific IgG in opsonophagocytic killing of serotype III and V bacteria was confirmed by the same method using 20% L-ficolin-and serotype-specific IgG-depleted serum and various concentrations of the purified L-ficolin-MASP complex and purified serotype-specific IgG.
Measurement of L-ficolin binding to opsonized bacteria. The opsonized bacteria described above were centrifuged, and the L-ficolin remaining in the supernatants was quantified by ELISA, as described above. a RDP, restriction digestion pattern. As described in reference 36. b As described in reference 13. c As described in reference 1.
The percentage of L-ficolin binding was calculated as follows: 100% Ϫ the percentage of L-ficolin remaining. Measurement of C3b binding to opsonized bacteria. The opsonized bacteria described above were successively washed twice with TBS-0.1% Tween 20 and three times with TBS and resuspended in TBS-0.02% sodium azide to an OD 600 of 0.02 by measuring optical density. Individual ELISA plate wells were coated overnight at 4°C with opsonized bacterial samples or with one of four concentrations (12.5, 25, 50, and 100%) of the GBS opsonized with adult serum and 1.6 g/ml serotype-specific IgG as standards. C3b binding to the bacteria was detected using an anti-C3d MAb (clone 053A-1149.3.1.4; MorphoSys, Oxford, United Kingdom) which binds to C3b, iC3b, and C3d fragments, alkaline phosphatase-conjugated goat anti-mouse Ig (Invitrogen), and the colorimetric substrate p-nitrophenyl phosphate.
Opsonophagocytic killing assay. Peripheral blood taken from a healthy donor was heparinized, and PMNs were isolated by gradient centrifugation using Polymorphprep (Axis-Shield PoC AS, Oslo, Norway), washed, and resuspended at 4.6 ϫ 10 6 cells/ml in RPMI medium 1640 (Invitrogen) containing 0.8% HSA and 20 mM HEPES. The PMN suspension (350 l) was added to 50 l of the opsonized bacteria described above and incubated at 37°C for 60 min with shaking. Opsonophagocytic killing of the opsonized bacteria was determined with an optical growth curve assay method as previously described (2, 38) except that 24-and 48-well plates were used to incubate the opsonized bacteria with the PMNs and to measure the growth curves of surviving bacteria, respectively. The percent bacterial survival after opsonophagocytic killing was estimated, and results were expressed as bactericidal indexes (percentages of bacteria killed), which were calculated as follows: 100 Ϫ percent bacterial survival.
Statistical analyses. The CH50s of each gestational age and adult were compared to each other by one-way analysis of variance followed by a Tukey-Kramer posttest analysis. L-ficolin concentrations of each gestational age and adult were compared to each other by a Kruskal-Wallis test followed by a Steel-Dwass test. Correlations between C3b deposition and factors that contribute to complement activation and between bactericidal index and opsonins were assessed by multiple linear regression analysis. P values of Ͻ0.05 were considered to be significant.
RESULTS

CH50
, L-ficolin concentrations, and serotype-specific IgG concentrations in cord serum. The CH50 was significantly lower in every gestational age than in adults, and the CH50 in preterm neonates (Յ36 weeks gestation) was also significantly lower than that in neonates at 39 and/or Ն40 weeks gestation (see Fig. S1 in the supplemental material). The L-ficolin concentration in some groups of preterm neonates was significantly lower than that in some groups of term neonates and that in adults (see Fig. S2 in the supplemental material). The median concentration of L-ficolin rose markedly at 37 weeks gestation, reaching 83% of that of adults in term neonates. The concentrations of all serotype-specific IgGs were less than 8 g/ml in approximately 90% of cord sera (data not shown).
Sera for use in experiments were first divided into four categories based on L-ficolin concentration relative to the mean concentration of L-ficolin in term neonates (2.57 g/ml): (i) sera with L-ficolin concentrations of less than 1.34 g/ml (more than 1 standard deviation [SD] below the mean), a group which included 91% of sera from preterm neonates, (ii) sera with L-ficolin concentrations between 1.34 g/ml and 2.57 g/ml, (iii) sera with L-ficolin concentrations between 2.57 and 3.19 g/ml (up to 0.5 SDs greater than the mean), and (iv) sera with L-ficolin concentrations greater than 3.19 g/ml (more than 0.5 SDs above the mean). In each of the four categories of L-ficolin concentrations, serotype-specific IgG concentrations were divided into four categories, as the IgG concentrations were distributed almost evenly over the range, excluding sera with IgG levels greater than 8 g/ ml. From each category (four categories for L-ficolin, with each including four categories for serotype-specific IgG), one serum was selected, and therefore, 16 sera were used to examine the contribution of L-ficolin and serotype-specific IgG to the opsonophagocytic killing of each serotype of GBS. When there was no serum with the appropriate serotype-specific IgG in an L-ficolin category, we selected an alternative serum containing a concentration of L-ficolin that approximated the concentration range for the category (see Table S1 in the supplemental material).
Amount of L-ficolin binding to opsonized bacteria. The ability of L-ficolin to bind to bacteria was examined by incubating bacteria with the 16 sera selected as described above. L-ficolin bound significantly to all GBS from all serotypes in a concentration-dependent manner (P Ͻ 0.001 for serotypes Ib, III, V, VI, and VIII and P Ͻ 0.05 for serotypes Ia and II) (see Fig. S3 in the supplemental material), but L-ficolin binding to serotype Ia and II bacteria was less than 35% even at high concentrations of L-ficolin, a finding consistent with previous observations (1). Serotype Ib, III, V, VI, and VIII bacteria were therefore used to examine the contribution of L-ficolin to opsonization.
Factors that contribute to C3b deposition on bacteria. Bacteria were incubated with the 16 sera selected as described above in order to determine which factors contribute to opsonization of serotype Ib, III, V, VI, and VIII bacteria with C3b. The amount of C3b deposition on each bacterium was correlated with L-ficolin concentrations, the amount of L-ficolin binding to bacteria, serotype-specific IgG concentrations, and CH50. The L-ficolin concentration correlated significantly with C3b deposition on serotype III (P Ͻ 0.01), V (P Ͻ 0.05), and VIII (P Ͻ 0.05) GBS. A similar correlation was found between C3b deposition and the amount of L-ficolin bound to the bacteria (data not shown), but the serotype-specific IgG concentration only correlated significantly with C3b deposition on serotype III GBS (P Ͻ 0.05) (Fig. 1) . Neither L-ficolin nor serotype-specific IgG concentrations correlated with C3b deposition on serotype Ib and VI bacteria. CH50 was not correlated with C3b deposition on bacteria of any serotypes tested.
Serotype-specific IgG enhances the alternative-pathway activation on GBS, thereby increasing cell surface deposition of C3b in vitro (37) . Bacteria were incubated with serum containing various amounts of serotype-specific IgG (3.3 to 8.9 g/ml) in the presence of Mg 2ϩ and EGTA (which chelates Ca 2ϩ required for activation of both classical and lectin pathways) in order to confirm whether serotype-specific IgG in cord serum can enhance alternative-pathway activation. For all serotypes, C3b deposition in the presence of only Mg 2ϩ was minimal compared to C3b deposition in the presence of both Mg 2ϩ and Ca 2ϩ . These data indicate that in the absence of intact classical and lectin pathways, cord serum mediates little if any deposition of C3b on bacteria by alternativepathway activation, even in the presence of considerable amounts of serotype-specific IgG (see Fig. S4 in the supplemental material) .
Factors that contribute to opsonophagocytic killing of bacteria by PMNs. Bacteria were opsonized by preincubating with the 16 sera selected as described above and were then incubated with PMNs isolated from adult peripheral blood. There was a statistically significant correlation between C3b deposition and bactericidal index (percentage of bacteria killed) for all serotypes tested (P Ͻ 0.01 for serotypes Ib and VIII and P Ͻ 0.05 for serotypes III, V, and VI) (Fig. 2) . Serotype-specific IgG concentrations were significantly correlated with the bactericidal index in serotype Ib (P Ͻ 0.05), III (P Ͻ 0.05), V (P Ͻ 0.01), and VIII (P Ͻ 0.001) bacteria. However, the bactericidal index was very high (similar to that seen with adult serum) in serotype VIII bacteria even when C3b deposition was low or at low concentrations of serotype-specific IgG. Serotype-specific IgG concentrations did not correlate with C3b deposition in serotype V bacteria (Fig. 1 ) but did correlate with opsonophagocytic killing (Fig. 2 ), supporting a model in which L-ficolin initiates C3b deposition on the serotype V GBS by activating the lectin pathway and serotype-specific IgG bound to bacteria acts as an opsonin through binding to the PMN Fc receptor. Both L-ficolin and serotype-specific IgG concentrations correlated with C3b deposition on serotype III bacteria, but a comparison of the coefficients of regression (slopes of the multiple linear regression) indicated that L-ficolin (P ϭ 0.003) contributed to C3b deposition more than did serotype-specific IgG (P ϭ 0.022) (Fig. 1) . On the other hand, serotype-specific IgG (P ϭ 0.012) and C3b deposition contributed equally to the bactericidal index in serotype III bacteria (P ϭ 0.011) (Fig. 2) . These observations also support a model in which serotype-specific IgG binding to bacteria acts not only to activate complement but also as an opsonin through an interaction with the Fc receptor.
Synergy between L-ficolin and serotype-specific IgG in the opsonophagocytic killing of serotype III and V bacteria. We used multiple linear regression modeling to determine if the combination of L-ficolin and serotype-specific IgG was likely to be additive or synergistic in its effect on opsonophagocytic killing of serotype III and V GBS. Generally, the bactericidal index increased with increasing concentrations of either L-ficolin or serotype-specific IgG (Fig. 3A) . Equations demonstrating a statistically significant relationship between the bactericidal index as the dependent variable and the concentrations of L-ficolin and serotype-specific IgG as the independent variables were derived for both serotypes (Fig. 3A) . Synergy between L-ficolin and serotype-specific IgG was estimated by calculating a fractional bactericidal concentration (FBC) index for each serum (Fig. 3B) . The FBC was calculated by first calculating the theoretical concentrations of L-ficolin (X) and serotype-specific IgG (Y) alone that would yield the observed bactericidal index for the serum using the multiple linear regression equation derived in Fig. 3A .
The fractions of the bactericidal index that could then be attributed to each of the factors, L-ficolin and serotype-specific IgG, were then calculated by dividing the actual concentrations of Lficolin (x) and IgG (y) by X and Y, respectively. The FBC index is the sum of the fractions for L-ficolin alone (x/X) and for serotypespecific IgG alone (y/Y) and would be equal to 1 if the effects of the two factors were merely additive (4). Instead, the FBC indexes for some sera were less than 0.9 when L-ficolin was 1 to 4 g/ml and serotype-specific IgG was 1 to 6 g/ml for serotype III and when L-ficolin was 2 to 4 g/ml and serotype-specific IgG was 2 to 5 g/ml for serotype V bacteria (Fig. 3B) , indicating that the two factors acted synergistically to enhance opsonophagocytic killing. The synergy between L-ficolin and serotype-specific IgG in opsonophagocytic killing of serotype III and V bacteria was confirmed by using L-ficolin-and serotype-specific IgG-depleted serum to which various concentrations of purified L-ficolin-MASP complex and purified serotype-specific IgG had been added (Fig. 4) .
DISCUSSION
In this study, we investigated the contribution of L-ficolin and serotype-specific IgG in cord sera to the opsonophagocytic killing of strains of various serotypes of GBS. The contributions of these factors varied between serotypes. L-ficolin and serotype-specific IgG appeared to contribute synergistically in cord sera to opsonophagocytic killing of bacteria when the concentration of serotype III-specific IgG was 1 to 6 g/ml and when the concentration of serotype V-specific IgG was 2 to 5 g/ml. Serotype IIIspecific IgG is mostly IgG2 (9), a subclass that is less effective in both activating the classical pathway and binding to PMN Fc receptors (12) . Using adult serum, Aoyagi et al. (2) showed that an increase in L-ficolin-mediated opsonophagocytic killing of serotype III GBS is observed when bacteria are preincubated with serotype-specific IgG2 before the alternative pathway is activated but that no increase in killing is observed when bacteria are incubated with the IgG2 anti-serotype III antibody after the alternative pathway is activated, indicating that the increase in killing is due not to Fc receptor-mediated binding to PMNs but to IgG2-mediated alternative-pathway activation. By assessing the inhibitory effects of monoclonal antibodies to FcRII and FcRIII, Noya et al. (31) showed that FcRII is the primary PMN receptor in the phagocytosis of serotype III GBS opsonized with antibody alone whereas FcRII is not necessary in the presence of both antibody and complement when adult serum is used as the source of complement. Two experiments, in the present study and in that by Aoyagi et al. (2) , show that C3b deposition is markedly lower on GBS incubated in cord sera than on GBS incubated in adult serum. Deposition of C3b on a serotype III GBS strain that had been opsonized with cord sera was less than 60% of that of the same bacteria opsonized with an adult serum, with the exception of a single cord serum (Fig. 1) . This low level of C3b deposition in cord serum compared with that in adult serum is probably a consequence of the low complement activity in cord serum compared to that in adult serum, a result which we demonstrated by measurement of CH50. It is possible that bacteria cannot be opsonized with C3b in cord serum to a level at which the interaction of IgG with FcRII is not needed for opsonophagocytosis. For serotype III GBS, and perhaps for serotype V GBS, opsonization in cord blood sera presumably involves L-ficolin and/or serotype-specific IgG initiating complement activation, leading to C3b deposition, and then both C3b and IgG, bound to bacteria, acting as opsonins.
For serotype VIII bacteria, it seems that L-ficolin initiates C3b deposition by activating the lectin pathway and then both C3b and serotype-specific IgG, bound to the bacteria, act as opsonins. The (4) . The light gray areas indicate the additive areas in which the concentrations of L-ficolin and serotype-specific IgG would achieve bactericidal indexes equivalent to those in the corresponding sera (i.e., between 50.4 and 62.5% for serotype III and between 55.0 and 67.9% for serotype V) and k, the FBC index, would be equal to 1. bactericidal index was high, however, and serum opsonized the bacteria effectively, independent of L-ficolin and serotype-specific IgG concentrations. This observation may help explain the discrepancy between the high rate of maternal colonization and the low incidence of early-onset disease associated with serotype VIII in Japan (10, 16, 23) .
The contribution of L-ficolin and serotype-specific IgG to C3b deposition in cord serum was not clear for serotype Ib and VI bacteria, since neither L-ficolin nor IgG concentrations correlated with C3b deposition despite experimental evidence that L-ficolin can bind to these serotypes and initiate complement activation (1). It is possible that there is another molecule that contributes to complement activation and/or opsonization on serotype Ib and VI bacteria. Mannose-binding lectin, which, like L-ficolin, also initiates the lectin pathway activation, cannot bind to GBS (1), but antibodies directed against GBS cell wall components other than serotype-specific IgG, such as the ␣ and ␤ components of the C protein complex (17, 32) , the surface immunogenic protein (Sip) (22) , and the surface-bound C5a peptidase (7), may potentially contribute to complement activation and/or opsonization in these circumstances.
The present study is the first report to determine the contribution of L-ficolin and serotype-specific IgG in cord sera to the opsonophagocytic killing of various serotypes of GBS. It is particularly noteworthy that L-ficolin and serotype-specific IgG appear to contribute synergistically to the opsonophagocytic killing of serotype III GBS, because this serotype causes a significant percentage of early-onset diseases, most late-onset diseases in neonates, and the majority of neonatal meningitis cases (33) . Lin et al. (20) showed that risk for the early-onset disease caused by serotype III GBS is reduced with increasing serotype III-specific IgG concentrations in cord serum, but both neonates with early-onset disease and neonates colonized by the bacteria at birth who did not develop disease had serotype-specific IgG concentrations that were less than 7 g/ml. This range of serotype-specific IgG concentrations corresponds to that in some cord sera from neonates whose mothers were immunized with a serotype-specific CPS-tetanus toxoid conjugate vaccine (geometric mean concentration is 7.5 g/ml) (3). Since the range of serotype-specific IgG concentrations in which synergy between L-ficolin and IgG was observed is similar to that in cord sera from infected and uninfected neonates, relative L-ficolin deficiency may be associated with an increased risk of early-onset disease caused by serotype III bacteria. The present set of experiments, however, did not address this question, which may be difficult to study because the incidence of earlyonset disease has been markedly reduced following the widespread introduction of intrapartum antibiotic prophylaxis.
Three single nucleotide polymorphisms (SNPs) in the promoter region and two SNPs in exon 8 of a L-ficolin gene (FCN2) that are associated with marked alterations in L-ficolin concentrations and with ligand binding, respectively, have been described (11, 28) . Variations in ligand binding due to this polymorphism may explain the observation that L-ficolin concentrations from some sera bound to bacteria are markedly less than what would be expected from the regression line between concentration and amount of binding to bacteria, but we did not perform SNP analysis on the FCN2 genes in the cord blood samples. The variations in L-ficolin levels and ligand binding associated with these SNPs may also play a role in susceptibility to late-onset neonatal disease for which there are no obvious risk factors except for low levels of serotype-specific IgG (33) . Another factor to be considered is that some clones of GBS may be more highly associated with neonatal infections. In particular, one serotype III clone, previously identified as multilocus enzyme electrophoresis type 1 (ET1) (29) or restriction digestion pattern type III-3 (RDP III-3) (30, 35) and now designated CC17 by multilocus sequence typing (MLST) (13) , seems to have a particular propensity to be associated with both early-and late-onset disease in neonates (5, 18, 21) . For the other serotypes, there appear to be one or more clones that are associated with disease and a number of rarer clones that colonize mothers and their babies but that are not usually associated with disease (5) . Clinical investigations into the role of L-ficolin in the prevention of neonatal GBS infection should include analysis of the SNPs of the FCN2 gene and MLST of the isolate.
